Nanostructured multilayers, composed of alternate organic (3-mercaptopropyltrimethoxysilane, alkylthiols, polydimethylsiloxane) and metallic (gold) layers, are grafted onto glass and prepared in order to modify the mechanical and dissipative properties of a thin surface layer of the substrate. The external face is constituted either of gold or alkyl groups, allowing us to study two types of surfaces exhibiting different chemical and thermodynamic properties. The formation and the structure of the nanostructured multilayers are first examined by means of various techniques such as atomic force microscopy (AFM), wettability, X-ray photoelectron spectroscopy (XPS), and conductivity measurements. All the results concerning the structure of the systems studied are used to understand the adhesive properties at short contact times (tack) of the multi-layers and an elastomer (polyisoprene). The influence of the structural aspects of gold layers, the length of the alkyl chains of the top layer, the terminal functionality, and the length of the confined organic layer between two gold layers on the energy of adhesion regarding the polyisoprene are clearly demonstrated. The influence of the nano-structured surface layers on adhesion phenomena is explained in terms of either the surface thermodynamics or local energy dissipation during the propagation of a fracture according to complex mechanisms.
Introduction
The adhesive characteristic of a material under low pressure and at a very short contact time is called "tack" [1] . Tack is of considerable practical interest in the fields of adhesives and bonding, particularly for pressure-sensitive adhesives (PSAs), for example, self adhesive labels.
The use of adhesives has become more and more frequent and their use in extremely diverse fields demands a deeper understanding of the mechanisms governing their properties.
In earlier research, numerous studies have attempted to clearly understand the role of various molecular (chemical structure, surface energy, composition) [2] [3] [4] , experimental (contact time, contact pressure, temperature) [5, 6] , or topological (sample roughness and thickness) [7] parameters, on the tack properties of pressure-sensitive adhesives (PSAs).
Tack is determined by measuring the energy required to separate materials. However, the measured energy of adhesion can be several orders of magnitude higher than the thermodynamic work of Dupré [8] (reversible energy of adhesion). This apparent discrepancy arises from dissipation mechanisms occurring in the materials during their separation: viscoelastic losses, plastic deformation, cavitation, and so forth, depending on the type of materials and systems. The dissipation can be limited to a region close to the interface (local dissipation) or extended to nearly all the material (bulk dissipation). In the present study, controlled contact conditions are used in such a way that dissipation takes place only in a region close to the interface. Until now the coupling between dissipation and interfacial interactions is not well understood, and particularly, it is not really known to what extent a thin film deposited on the surface of a rigid substrate can affect the dissipation mechanisms involved during adhesion measurements. To perform fundamental investigations, the use of well-defined surfaces is necessarily required. Model surfaces (multilayers) can be obtained by grafting alternating layers of gold and alkanethiol or polydimethylsiloxane on smooth materials, that is, glass plates. The external face is either a gold or alkyl group (by using an alkylthiol for the final layer). These types of surface exhibit different chemical and thermodynamic properties.
The characterization of nanostructured multilayers and the influence of such complex on tack of cross-linked elastomers have been studied in the preceding papers [9, 10] .We complete this characterization from a chemical as well as a structural point of view by means of various techniques, such as X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), wetting measurements, and ellipsometry. Moreover, electrical conductivity measurements of gold layers are also carried out to analyze more precisely their morphology.
In the present study, the number of layers, the nature of the top surface layer (gold or alkanethiol molecules), the length of the alkyl chains of the top layer (hexadecanethiol or hexanthiol molecules), the terminal functionality, and the length of the confined organic layer between two gold layers and the thickness of the first gold layer are varied.
The adhesion energy is then evaluated between the different planar substrate (glass plate) supporting the nanostructured multilayers and a crosslinked elastomer (polyisoprene) as a function of compression force imposed before separation.
Tack evaluation allows us to control experimental parameters such as speed and contact time and also to minimize as far as possible viscoelastic loss.
In our study we focus our attention on the characterization of the system containing polydimethylsiloxane in order to compare between tack tests performed on different confined organic layers.
Marerials and Methods

Preparation of Nanostructured Multilayers.
The multilayers are prepared in the following way [10] . After ultrasonic cleaning in chloroform, the surface of a glass plate is hydroxylated by dipping it into a piranha solution (30% H 2 O 2 /70% H 2 SO 4 ) at 50
• C for 30 minutes. Glass plate is then rinsed with bidistilled water and dried under nitrogen gas jet.
For the first layer of gold, first we immersed glass slides (18 hours) in 1 mol·l −1 of 3-mercaptopropyltrimethoxysilane (MPS, 95%) solution (in toluene). MPS (supplied by ABCR, Karlsruhe-Germany) was used as a coupling agent between glass slides and gold coatings [11, 12] . Second, grafted glass are rinsed with toluene and dried in N 2 gas jet. Finally, the first gold (99.99% from Blazers) layer was coated under vacuum (10 −7 mbar) using an Edwards 306 evaporator. The thickness of gold layers varies from about 2 to 100 nm.
For the second layer of gold we have used two kinds of coupling agent, an alkythiol with thio-sulfur group at both ends and a polydimethylsiloxane (PDMS) of molecular weight of 1000 g·mol −1 and 3000 g·mol −1 , respectively, called PDMS n=10 and PDMS n=37 . The PDMS has amine end groups on both chain ends.
The sulfur and the amine are able to create a specific and strange link with the gold surface. In both cases, we immersed the substrates in a 1 mmol·l −1 solution of either 1-9 nonanedithiol (95%, Aldrich) or PDMS n=10 (from ABCR, Karlsruhe-Germany) in ethanol and 1 mmol·l −1 solution of PDMS n=37 (from ABCR, Karlsruhe-Germany) in cyclohexane for 18 hours; then the substrates are rinsed with ethanol (in the case of alkylthiol, PDMS n=10 ) and with cyclohexane (in the case of PDMS n=37 ) and dried in an N 2 gas jet.
The schematic structure of the multilayers, prepared in this study, is shown in Figure 1. 
Characterization of the Multilayers.
Surface morphologies of the different types of layers are studied by atomic force microscopy (AFM) (Nanoscope III) in the tapping mode.
Their surface energy is determined from static contact angle measurements (Krüss G2 system) of nonpolar (diiodomethane) and polar (water) liquids at room temperature [13] .
The chemical composition of the surface is analysed by XPS spectrometry. XPS spectra are obtained by means of a LEYBOLD LHS 11 apparatus using non-monochromatised Advances in Physical Chemistry MgKα excitation radiation and at a take-off angle of 15
• in order to study a very thin surface layer, the thickness of which being less than 2 nm.
Electrical resistivity measurements of gold layers are performed using the two-point-probe technique [14] . A mask with 3 mm width circular windows (Φ), separated by a distance "d" of 3 mm, is used to carry out the deposition of several gold contact fingers (thickness of about 100 nm) onto thin gold layers. The average resistance R of such layers (thickness "e") is measured by subjecting them to an electrical current of 1 to 3 μA. The gold layer resistivity ρ is therefore given by the following expression:
The time between preparation of multilayers and physicochemical analysis is usually less than one day the samples are meanwhile stored in a desiccator. The thickness of the films is measured by spectral ellipsometry using a multiplayer optical spectrometric scanner model ES4M [15] operating at 633 nm and an angle of incidence of 75
• . All ellipsometric thicknesses are the average of at least three independent measurements on each sample. The ellipsometric results are used to calculate the corresponding thickness values using the Elli 45 computer program.
Adhesion (Tack) Test.
To evaluate tack for the systems glass/multilayers/elastomer, the Johnson, Kendall, and Roberts (JKR) test [16] was used. We have chosen the contact between a hemisphere of cross-linked polyisoprene and a plane substrate on which nanostructured multilayers are grafted. With this particular geometry, bulk dissipations are greatly reduced and the contact area can be easily measured. In our study the polyisoprene is partially crosslinked with dicumyl of peroxide [17] . With the apparatus described in (Figure 2 ), the impact and separation rates (10 mm·min −1 ) as well as the contact time can be controlled. A high-speed camera (250 image·s −1 ) is used to follow the area of contact between the elastomer and the substrate. Thus, displacements, applied force, and contact area can be measured simultaneously.
The total energy to break the junction, G tot , is obtained by integration of positive values of the force F versus displacement:
It should be mentioned that the JKR theory cannot be used here because this theory applies to the equilibrium state and, in our case, the system is never at equilibrium.
Results and Discussion
3.1.
Characterization of Nanostructured Multilayers.
Atomic Force Microscopy (AFM)
. Typical topographic AFM images of different multilayers grafted onto glass slides are presented in Figure 3 which represents, respectively, the dithiol, PDMS n=10 , or PDMS n=37 as intermediate layers before and after deposition of the gold top layer. The comparison of the root-mean-square roughness (rms) and the average height is deduced from 1 μm × 1 μm images showing that the PDMS n=37 grafting (Figure 3(e) ) is more heterogeneous than that of the PDMS n=10 (Figure 3(c) ). Apparently the latter leads to a uniform deposit (rms roughness = 0.67 nm) with aggregates of average height of 3 nm.
The PDMS n=37 (Figure 3 (e)) deposits are more irregular (rms roughness = 1.4 nm), they exhibit pit-like defects and aggregate approximately 4 nm in average height. They are scattered heterogeneously on the surface and are separated by small apparent gold areas.
AFM images of gold surface layer about 5 nm thick, deposited on the PDMS n=10 and PDMS n=37 display a granular gold structure. It is noted that the gold particles are circular and are estimated to be 20 nm in diameter (Figures 3(d) and 3(e)), different from the worm-like connected structure which is observed on dithiol (Figure 3(b) ). Therefore, the gold layer deposited onto monolayers terminated by thiol or amine displays a morphology, which depends on the nature of the interaction gold-thiol or gold-amine in concordance with literature [18] . Moreover, in this case, the roughness of the gold film is low and equal to 1.14 nm.
Wetting Analysis (Contact Angle Measurements).
Wetting analysis is used to characterize the surface after each chemical modification step. From the values of the contact angle measurements, both the dispersive (γ d s ) and the nondispersive or the polar (γ p s ) components of the different modified surfaces are calculated according to classical wettability analysis [11] and are presented in Table 1 .
We observed a difference between the different surfaces. Moreover, for the same chemical composition and different multilayer composition we observed a difference in the thermodynamic properties. This difference is due to the morphologies of each surface [19] .
The second gold layer deposited on polydimethylsiloxane exhibits values of the dispersive and polar components of surface energy (γ d s and γ . Therefore, the second gold deposit of 5 nm contributes to a slight increase in the hydrophobic nature of the surface but this is still insufficient to completely cover the PDMS layer grafted onto the underlying first gold layer. Figure 4 shows the large spectra obtained for the multilayers containing PDMS. The peak N(1s) signal after grafting has been too weak to reveal the chemical state of the amine groups.
X-Ray Photoelectron (XPS).
The fact that the element percentage of nitrogen (N), oxygen (O), and Silicon (Si) increases after depositing the second gold layer (Table 3) means that the PDMS n=10 layer is not completely covered by a gold layer 5 nm thick. This observation is consistent with a structure in which the PDMS molecules are distributed randomly on the gold surface as "pelote" conforming with wetting and ellipsometric results, which show the heterogeneity of the gold surface and the spread out conformation of PDMS molecules.
Concerning PDMS n=37 the comparisons between ratios of different elements (N, O, Si) before and after depositing the second gold layer suggest a more regular uniform gold layer on PDMS n=37 molecules which appears to cover more PDMS n=37 than PDMS n=10 molecules.
The exact nature of the amine-Au interaction remains enigmatic. Yet several Au (I)-amine complexes have been reported [20] . According to some authors there may be a reaction between Au atomic vapor and amines, which is not found for bulk Au in contact with alkylamines C n H 2n+1 (n = 10, 12, 16, and 18) adsorbed from solution [18] .
Ellipsometry.
The low thickness value of the multilayer having terminal PDMS layer (i.e., PDMS n=10 = 0.55 nm ± 0.06 and PDMS n=37 = 0.45 nm ± 0.04) as it is determined by ellipsometry is consistent with the randomly structure of PDMS representative of a grafted surface which is not uniform as it is suggested by wetting, XPS data, and atomic forces microscopy observations in previous sections.
To the best of our knowledge several studies on alkylthiol monolayers have been reported in literature, but today few data deal with monolayers formed by PDMS molecules, which is why we are not able to compare our data to those of literature.
Conductivity Measurements.
Conductivity measurements are carried out on the PDMS layer involving two successive gold layers (glass/MPS/gold/PDMS n=37 /gold) with a varying thickness. Two sets of values of the resistivity ρ are obtained according to (1) by taking into account either the thickness of the second gold layer only or the sum of the thickness of both gold layers ( Figure 5 ). Three curves are represented in Figure 5 . The curve 1 (master curve) represents the variation of the electrical resistivity ρ (obtained according to (1) ) of the first gold layer as a function of its thickness (log-linear plot). The curve 2b represents the variation of the electrical resistivity ρ (obtained according to (1) ) of the second gold layer as a function of its thickness. The curve 3a represents the variation of the log resistivity ρ (obtained according to equation (1)) obtained by taking into account the sum of the thicknesses of the two successive gold layers.
It appears on the one hand that the thickness of the second layer cannot be only considered to determine the resistivity of the given systems, since the values obtained (curve 2, Figure 5 ) are much lower than those constituting the master curve as it is determined previously (curve 1, Figure 5 ). On the other hand a total connection between these two gold layers is not really achieved since too high values (curve 3, Figure 5 ) of the resistivity might now be obtained.
In spite of the fact that the resistivity curves shifted to a slight thickness ( Figure 5 (2b) , and (3b)) in concordance with some data of the literature [18] indicating a threshold percolation in such systems lower than that concerning the thiol, around 2 nm instead of 5 nm, the results are comparable to those obtained previously [10] for the dithiol layer involving two successive gold layers (glass/MPS/gold/dithiol/gold). We obtained intermediary resistivity values between the values for the first layer and those corresponding to the thickness of the two layers together.
These results show a partial connection between the gold layers which theoretically should have been isolated from an electric point of view and independently of the length of PDMS molecule chains.
Tack.
Tack between the nanostructured multilayers and the cross-linked polyisopren hemisphere is evaluated by varying the maximum force of compression (Figures 6, 7 , and 8). As expected, tack energy increases with maximum compression because contact area increases too.
More noteworthy is the variation of tack energy as a function of the structure of the multilayers.
In previous study [9] it appears that the tack energy depends on the nature of the layers: the substrates terminated by one gold layer lead to a higher tack energy than substrates with an external surface composed of methyl groups.
In the present study we are interested first of all in the alkylthiol chain length.
Influence of Alkylthiol Chain Length of the Top Layer.
At a very short time 0.1 s total energy of adhesion of elastomer/glass terminated by hexadecanethiol is slightly higher than the results obtained with hexanethiol-terminated glass. The same observation is reported in a system including two intermediate gold layers terminated by alkylthiol.
How can this difference be explained? Let us suppose first of all that the difference is due to the fact that the surface energy is not identical for both kinds of molecules. Alkylthiol-terminated glass samples do Figure 5 : Variation of the resistivity of multilayers involving two gold layers compared to that of a monolayer of gold. Curve 1: results are given in Figure 5 for a mono-layer; Curve 2: variation obtained by considering the thickness of the second gold layer only; Curve 3: variation obtained by taking into account the sum of the thicknesses of the two successive layers.
not have the same surface energy; therefore their behaviour toward elastomer must be different. Hexanethiol grafting cannot reduce the dispersive component of the surface energy and thus total surface energy at the same proportion as hexadecanethiol.
The substrates used are listed in Table 1 
where γ Table 2 . Table 2 shows the reversible energy of adhesion evolution W 0 as a function of substrate according to the following order: Glass/MPS/gold/hexanethiol > glass/MPS/gold/ hexadecanethiol and glass/MPS/gold/dithiol/ hexanethiol > glass/MPS/gold/dithiol/hexadecanethiol. This classification does not correspond to that obtained for total energy of adhesion G evolution as a function of substrate ( Figure 6 ): glass/MPS/gold/hexadecanethiol > glass/MPS/gold/dithiol/hexanethiol and glass/MPS/gold/ dithiol/hexadecanethiol > glass/MPS/gold/dithiol/gold/ hexanethiol.
In our case it is clearly a proportional relation between tack energy G and thermodynamic energy of adhesion W 0 which does not apply to our system. This apparent discrepancy of tack energy with increasing chain length cannot be explained by wetting differences but interdiffusion of short alkyl-chains segments present at the layer surface to the elastomer surface can be invoked.
For, with hexanethiol-terminated substrates, alkyl chains are very short and have a limited influence in diffusion phenomenon, in the case of hexadecanethiol the chains are longer with sufficient mobility they diffuse at least part of the elastomer network.
This hypothesis is in concordance with results known from literature [22] [23] [24] where, according to the authors, diffusion of polymer chains will occur within a short period of time when two polymers are brought into close contact.
O'Connor and Leich [25] have shown that the penetration time of a polymer chain segment is very fast (about 0.1 ms for a polymeric chains containing 10 3 monomers units).
In our case (0.1 s) it is more probable that a diffusion phenomenon of alkyl-chain segments in polyisoprene contributed significantly to increased adhesion energy.
A previous study about adhesion energy between elastomer and different silane lengths of alkyl-chains (from C 4 to C 30 ) on grafted glasses has shown clearly an increase of G with the length of alkyl-chains grafted.
In fact, the necessary condition for a diffusion of alkylchains (or chain segments) is the compatibility of these chains toward polyisoprene. In other words similar parameters of solubility are necessary to facilitate interpenetration of molecules in the contact area.
Values of solubility parameters of hexanethiol (7(Mpa) 0.5 ), hexadecanethiol (6.7(Mpa) 0.5 ), and of polyisoprene IR (7.4(Mpa) 0.5 ) are very close, suggesting that interdiffusion phenomenon contributes to increase the adhesion of polyisoprene IR/alkylthiol-grafted substrates.
However, this increase is still very weak and other explications should be looked for. Indeed, the length of alkyl chains might affect the fracture propagation during separation, for example, by Shearing effects (parallel or perpendicular at the bottom of the crack) or by deformation of the grafted layer. Unfortunately such hypotheses cannot be confirmed by direct observation of the contact area evolution during the time of tack measure. A local analysis of fracture propagation will also constitute a major development in our test.
The experimental data clearly shows that adherence level (tack) is controlled not only by surface energy of samples in contact but also by the interdiffusion phenomenon of short chain segments, at the beginning of contact, and the effect of the chain length on the fracture propagation at the interface polyisoprene/grafted glass will also play an important role.
Influence of the Terminal Functionality and the Length of the Confined Organic Layer between Two Gold Layers.
To prove the influence of the nature and the chain length of intermediary molecules on measures of elastomer/glassgrafted terminated gold, we have chosen to use dithiols and polydimethylsiloxane NH 2 molecules of different length. Figure 7 shows the replacement of a dithiol intermediate layer by PDMS (n=10) or PDMS (n=37) and induces a notable decrease of tack energy.
However, the total tack energy is higher in the case of the PDMS (n=37) layer than the system containing PDMS (n=10) .
In order to explain such results it is advisable to remember at first that a gold film deposited on dithiol shows a wormlike structure different from the granular structure observed when a gold film is deposited on amine in particular modified PDMS.
XPS and wetting studies reveal a heterogeneous gold surface deposited on PDMS molecules where the presence of this latter is still very pronounced.
The different tack energy evolution might be attributed to the presence of PDMS molecules at the surface, which do not contribute to the improvement of the adhesion because their interactions with elastomer are very weak.
Furthermore, the gold surface does not exhibit the same reversible energy of adhesion W 0 . The decrease of W 0 from the sample of glass/MPS/gold/dithiol/gold to glass/MPS/gold/PDMS n=37 /gold and glass/MPS/glass/ PDMS n=10 /gold, Table 2 , means, in terms of physicochemical interactions, that the gold layers in the case of dithiol show a more favourable structure to wetting by polyisoprene, giving a higher tack energy. It is shown that the length of the PDMS molecule chains can also influence tack energy.
As the tack energy in the case of PDMS (n=37) is higher than that in the case of PDMS (n=10) , this means that a higher percentage of PDMS (n=10) molecules at the surface is very important leading to a decrease in the interactions with elastomer.
Another hypothesis is that the length of molecular chains used as separator between the two successive gold layers seems to play an important role in energy dissipation or in fracture propagation during separation.
Influence of the Thickness of the First Gold Layer.
For only a single gold layer deposited on MPS-modified glass, it seems obvious that the tack energy is strongly affected by thickness e of this layer as illustrated in Figure 8 .
For a given compression force of 0.04 N it appears that tack decreases with increasing gold thickness until a constant value is obtained when e exceeds 10 nm. Figure 8 shows that the tack energy variation for a low gold layer thickness (lower than 10 nm) is an important phenomenon (multiplication factor about 2). This type of variation can be explained by gold layer structure evolution observed in AFM and conductivity measure showing in particular a percolation transition about 5 nm thick.
Worm-like disjointed structure for a gold thickness under 5 nm and worm-like connected structure for a thickness over 5 nm might also strongly influence fracture propagation during separation.
It is necessary to emphasise that the percolation transition of about 5 nm creates a problem of contact area visualization by optic analyse.
Indeed, the image of a contact area for a gold thickness of 5.7 nm (Figure 9(b) ) corresponding to critical thickness, beyond which we have a conductivity transition, shows a blurred, even invisible contact area different from the images observed for other thicknesses (Figures 9(a) and 9(c) ).
Normally, contact areas are circular and defined by an intense white spot compared to other images.
Conclusion
This study clearly shows the importance of the composition of nanostructured multilayers on adhesion energy with regard to polyisoprene elastomer. It appears that this global energy greatly depends on the following: (i) the nature and length of chains of the confined molecular layer between two gold layers: with dithiol a higher tack energy is obtained than that with PDMS; the latter is however higher in the case of PDMS n=37 layer than that for the system containing PDMS n=10 ;
(ii) the number of layers: an increasing evolution of tack energy with the number of intermediate gold layers;
(iii) the thickness of the gold layer: a decrease in tack energy with the thickness of the gold layer;
(iv) the length of alkylthiol molecular chains: adhesion energy of substrate terminated by hexadecanethiol is a slightly higher than that terminated by hexanethiol.
In this way we have shown that wetting phenomena, viscoelastic energy dissipation, and chain diffusion contributed to adhesion energy.
Moreover the fracture propagation at the elastomer/glass grafted interface seems to be affected by the topology of the gold layer and the length of alkylthiol chains.
In order to give a full interpretation of the structure of these multilayers and their adhesive properties with regard to elastomer, it would be useful in the future to use a completely homogeneous gold surface from colloidal gold, rigid molecules between successive gold layers, and others kinds of elastomers as well as elastomer mixtures.
